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1. Introduction
Currently, the urgent need to preserve the environment has aroused great interest in aca‐
demic and industrial areas for the reuse of pollutant wastes. In the XXI century one of the
challenges of the environmental sustainability of the planet is to seek solution to the final
disposal of huge volumes of pollutant wastes produced every year.
The petroleum industry generates various types of oily sludges in its production chain [1]: i)
extraction of crude oil from the ground; ii) transportation to refineries and product distribu‐
tion centers; iii) refining into finished products; and iv) marketing or sale of the products to
consumers. These oily sludges are basically composed by hydrocarbons in the form of oil,
water, solids, and traces of heavy metals in different proportions according to each area. For
this reason, the oily sludges are considered as being hazardous waste materials. Thus, the
petroleum industry is confronted with the environmental problem of the correct manage‐
ment of huge amounts of oily sludges produced worldwide.
Recently, the Brazilian petroleum industry has presented high growth in the production of
crude oil. As a result, Brazilian oil industry generates huge volume of oily sludge during the oil
extraction process. The traditional disposal methods used for management of this oily sludge in‐
clude storage in ponds, dikes, and biodegradation (landfarming) [2,3]. More recently, the oily
sludge has been treated with bentonite clay for disposal in sanitary sites, resulting in a new waste
material that hereafter will be named as petroleum waste [4]. However, these waste manage‐
ment options are very limited, costing money and environmental impact.
Nowadays, the reuse of waste materials as an alternative raw material in the production of
ceramic materials for civil construction has become a very attractive method [5-7]. The reuse
approach is environmentally correct and can contribute to the environmental sustainability,
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resulting in three main advantages: i) use of low cost raw material; ii) the conservation of the
natural resources; and iii) the management of a pollutant waste.
The reuse of petroleum waste into ceramic materials for civil construction has already been
investigated [2-4,8-11]. However, the sintering behavior of floor tiles containing petroleum
waste during the firing step, which is a complex process, is not still thoroughly understood.
Floor tiles are a multicomponent system primarily composed of clays, feldspar, and quartz,
and is considered to be one of the most complex ceramic materials [12].
This chapter focuses on the sintering behavior of vitrified floor tiles containing petroleum
waste. Emphasis is given on the effects of the petroleum waste additions on the sintering
behavior, microstructural evolution, and physical properties of the vitrified floor tiles.
2. Experimental details
The raw materials used are commercial kaolin, Na-feldspar, quartz, and petroleum waste from
petroleum extraction industry from south-eastern Brazil. The petroleum waste sample is a solid
material in the form of granular powder. The raw materials were dried at 110 ºC, dry-ground,
and then passed through a 325-mesh (45 μm ASTM) sieve. The chemical and mineralogical com‐
positions are given in Table 1. The processing flow diagram is shown in Fig. 1.
Oxides kaolin Petroleum Waste Na-feldspar Quartz
SiO2 49.07 41.73 69.55 09.97
Al2O3 33.74 10.93 18.82 0.41
Fe2O3 0.22 7.63 0.14 0.01
TiO2 0.01 0.52 0.02 0.02
Na2O 0.52 0.44 9.63 0.13
K2O 1.97 0.95 1.47 0.18
CaO 0.30 7.76 0.17 0.01
MgO 0.06 5.87 0.09 0.01
MnO 0.02
P2O5 0.09
BaO 5.03
SrO 0.29
Loss on ignition 14.01 18.74 0.32 0.26
Mineral phases kaolinite, quartz quartz, kaolinite, barite,
calcite, gypsum, hematite,
galena, halite, calcium
chloride, potassium chloride,
montmorillonite
albite, quartz quartz
Table 1. Chemical (wt.%) and mineralogical compositions of the raw materials.
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Figure 1. Process flow diagram of the vitrified floor tiles.
Several floor tile compositions were prepared using mixtures of kaolin, Na-feldspar, quartz,
and petroleum waste (Table 2). The petroleum waste additions were up to 5 wt.% in gradual
replacement of kaolin. The floor tile formulation used as a reference consisted of 40 wt.%
kaolin, 47.5 wt.% Na-feldspar, and 12.5 wt.% quartz.
Raw materials Tile formulations (wt.%)
MT1 MT2 MT3
Kaolin 40 37.5 35
Waste 0 2.5 5
Na-feldspar 47.5 46.5 47.5
Quartz 12.5 12.5 12.5
Table 2. Composition of the floor tile formulations containing petroleum waste.
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The floor tile formulations (Table 2) were mixed, homogenized, and granulated via dry
process using a high intensity mixer. After granulation step, the granules coarser than 2 mm
were discarded. The moisture content (moisture mass/dry mass) was adjusted to 7 %.
Mineralogical analysis of the floor tile formulations was done using Cu-Ka radiation and
1.5º (2θ)/min scanning speed in a conventional diffractometer. Mineral phases were identi‐
fied by comparing the intensities and positions of the Bragg peaks to those listed in the
JCPDS/ICDD data files.
Thermogravimetric analysis (TGA and DrTGA) of the floor tile powder sample was per‐
formed in air between 25 ºC and 1200 ºC using a heating rate of 10 ºC/min. Dilatometric analy‐
sis of the floor tile samples was carried out on unfired test pieces within the 25 – 1200 ºC
temperature range using a heating rate of 10 ºC/min under air atmosphere.
The tile powders were uniaxially pressed into test bars (11.5 x 2.54 cm2) under a load of 50
MPa, and then dried at 110ºC. The sintering step was carried out at soaking temperatures
varying from 600 to 1250 ºC, using a fast firing-cooling cycle of total duration < 60 min. The
heating and cooling rates used in this work were chosen to simulate actual sintering process
used in the tile industry.
The following physical properties of the floor tile pieces have been determined: linear
shrinkage, water absorption, apparent density, and apparent porosity.
The linear shrinkage values were obtained by measuring the length of the rectangular speci‐
mens before and after sintering step using a caliper with a precision of ± 0.01.
Water absorption values were determined from weight differences between the as-sintered
and water saturated samples (immersed in boiling water for 2h) according to the ASTM
C373 standardized procedures [13].
The apparent density of the floor tile pieces were determined by the Archimedes method ac‐
cording to the ASTM C373 standardized procedures [13].
The apparent porosity also was determined according to the ASTM C373 standardized pro‐
cedures [13].
Scanning electron microscopy operating at 15 kV was used to examine the gold-coated frac‐
ture surfaces of the sintered floor tile pieces via secondary electron images (SEI/SEM).
The crystalline phases after sintering were identified between 2θ = 10º and 2θ = 80º via X-ray
diffraction analysis with Cu-Ka radiation (40 kV, 40 mA). The mineral phases were identi‐
fied using reference data from the JCPDS/ICDD data files.
3. Results and discussion
3.1. Characteristics of the floor tile formulations
The XRD pattern of the MT1 sample is shown in Fig. 2. The reference formulation exhibits
peaks that are characteristics of kaolinite (Al2O3.2SiO2.2H2O), albite (NaAlSi3O8), and quartz
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(SIO2). XRD pattern of the petroleum waste containing formulation (MT3 sample) is shown
in Fig. 3. In addition to kaolinite, albite, and quartz, peaks of barite (BaSO4), hematite
(Fe2O3), calcium sulphate (CaSO4), and montmorillonite were identified. These results are in
accordance with the raw materials data (Table 1).
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Figure 2. XRD pattern of the MT1 sample (waste-free formulation).
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Figure 3. XRD pattern of the MT3 sample (with 5 wt.% petroleum waste).
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The thermogravimetric curves (TGA and DrTGA) for the MT2 sample (with 2.5 wt.% petro‐
leum waste) is shown in Fig. 4. DrTGa curve shows that the floor tile formulation exhibit
one endothermic event around 573.5 ºC. This endothermic event is related mainly to the de‐
hydroxylation of kaolinite. In addition, this endothermic reaction corresponds to an intense
process of mass transfer in the tile sample as observed in the TG curve. The MT2 sample
presented a total weight loss during sintering around 4.4 %. In addition the removal of
chemically bound water of the kaolinite structure, the volatization of oil (hydrocarbons) of
the petroleum waste should be also considered.
Figure 4. TGA/DrTGA curves of the MT2 sample.
Table 3 gives the particle size distribution of the raw materials used. The results revealed
that the raw materials presented high concentration (83.2 – 96.8 %) of mineral particles < 63
μm. This means that the raw materials used in the floor tile formulations have good degree
of comminution that could favor the reactivity of the particles during the sintering process.
It also prevents the segregation of non-plastic and plastic components present in the tile for‐
mulations.
Particle size Kaolin Petroleum Waste Albite Quartz
< 2 μm 22.9 12 5 9.6
2 < x < 63 μm 73.9 83 89 73.6
63 < x < 200 μm 3.2 5 6 16.8
Table 3. Particle size distribution of the raw materials (wt.%).
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3.2. Phase evolution during sintering
The XRD patterns of the MT1 samples sintered between 600 and 1250 ºC are presented in
Fig. 5. Based on the X-ray diffraction patterns and previous studies [14-17] it is possible to
describe the phase transformations underwent by the waste-free floor tile formulation (MT1
sample) at different temperatures.
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Figure 5. XRD patterns of the MT1 sample sintered at different temperatures.
The phase transformations involved in the waste-free floor tile body (MT1 sample) during
sintering could be described as follow. The evolution of the physically adsorbed water by
the mineral particles takes place until 100 ºC (H2O (l) → H2O (g)). At 573 ºC, α-β quartz inver‐
sion of free silica occurs. At 600 ºC, the characteristic peaks of kaolinite have disappeared. In
fact, between ~ 450 and 600 ºC, kaolinite loses the OH groups of the gibbsite sheet leading to
the formation of amorphous metakaolinite according to:
Al2O3.2SiO2.2H2O (kaolinite) → Al2O3.2SiO2 (metakaolinite) + 2 H2O (g)
At 800 ºC, the peaks of quartz and albite are still seen. At 1000 ºC, peaks of mullite appear. In
this temperature range, the silicate lattice totally collapse, followed by reorganization of the
metakaolinite structure and the formation of amorphous silica. A spinel structure is formed
and then quickly transformed to mullite according to:
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2 (Al2O3.2SiO2) (metakaolinite)→2Al2O3.3SiO2(spinel) + SiO2(amorphous)
2Al2O3.3SiO2(spinel)→2(Al2O3.SiO2) (mullite) + SiO2
It can be seen that the mullite peaks increasing in intensity with the sintering temperature,
but the quartz peaks decreasing slightly due its partial dissolution. Above 1100 ºC the albite
peaks are not seen. At 1200 ºC, an amorphous band between 2θ = 15º and 2θ = 25º can be
also observed. This is due to the fusion of albite to form a viscous liquid phase, which is
then cooled to glass.
The XRD patterns of the MT3 formulation (with 5 wt.% petroleum waste) sintered between
600 and 1250 ºC are shown in Fig. 6. In addition the mullite and quartz, characteristic peaks
of barite, hematite, and calcium sulphate were also identified. These results are in agreement
with the chemical composition data (Table 1) and X-ray diffraction (Fig. 2). Thus, the partial
replacement of kaolin with petroleum waste influenced the phase evolution of the vitrified
floor tiles. This means that the petroleum waste addition can influence the sinterability of
the floor tile formulations.
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Figure 6. XRD patterns of the MT3 sample sintered at different temperatures.
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3.3. Microstructural analysis of the sintered floor tiles
The microstructure of fractured surface of MT1 sample (waste-free sample) sintered al 1210
ºC obtained via SEI/SEM is shown in Fig. 7. One can clearly observe that the microstructure
is composed mainly of dense zones (glassy phase) connected with rugous zones (open po‐
rosity). As indicated by the XRD analysis (Fig. 5), it consists of mullite, quartz, and glassy
phase. In addition, the open pore volume is essentially formed by a narrow channels struc‐
ture of irregular morphology. This means that the densification of the MT1 sample during
sintering at 1210 ºC is incomplete.
Figure 7. SEM micrograph of the MT1 sample after sintering at 1210 ºC.
Fig. 8 shows the fractured surface of the MT1 sample sintered at 1250 ºC. It also comprises
kaolinite-derivate material (mullite), quartz, and glassy phase. However, the presence of few
rounded and isolated pores indicates the consistent development of the liquid phase during
sintering. As a consequence, the overall microstructure of the MT1 sintered at 1250 ºC is
clearly denser.
Figure 8. SEM micrograph of the MT1 sample after sintering at 1250 ºC.
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SEM micrographs of the fractured surfaces of the MT3 sample are presented in Fig. 9a-c. The
micrographs show the evolution of the microstructure of the MT3 sample as temperature in‐
creases. It may be noted that at 1210 ºC (Fig. 9a) and 1230 ºC (Fig. 9b), the microstructure is
characterized by few nearly spherical isolated pores associated with high degree of vitrifica‐
tion. At 1250 ºC (Fig. 9c), however, a more porous fractured surface can be observed. Larger
and more irregular pores can be seen. This effect suggests a gas evolution (gas trapped) for
higher petroleum waste additions. Thus, the incorporation of petroleum waste into floor tile
formulation brought about a relevant variation in the sintered microstructure.
 
Figure 9. SEM micrographs of the MT3 sample after sintering: a) 1210 ºC; b) 1230 ºC; and c) 1250 ºC.
3.4. Sintering behavior
In the manufacturing process of floor tiles the sintering step is critical.  On sintering, the
floor  tile  materials  undergo a  series  of  physical  and chemical  reactions  involving dehy‐
droxylation of clay minerals, partial melting of feldspar-quartz eutectic compositions, col‐
lapse of the silicate structure to formation of mullite and progressive dissolution of quartz
in the liquid phase.  These processes play an important role in the sintering behavior of
floor tile compositions.
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The dilatometric curve of the MT1 sample is shown in Fig. 10. As it can be seen, the sintering
behavior of the floor tile formulation is characterized by three main regions. The first region
(~ up to 895 ºC) is characterized by a negligible shrinkage. The second region within the ~
900 and 1100 ºC temperature range is characterized by a small shrinkage. In this tempera‐
ture range, the reorganization of the metakaolinite structure and initial formation of the liq‐
uid phase occur. In addition, the vitrification of the tile piece is already in progress. The
third region (above 1150 ºC) is characterized by a considerable shrinkage of the floor tile
pieces. It is plausible to consider that an abundant amount of liquid phase was formed, re‐
sulting in high densification. This is consistent with the dense microstructure of the MT1
samples sintered at 1250 ºC.
Figure 10. Dilatometric curve of the MT1 sample.
Figure 11. Dilatometric curve of the MT3 sample.
The dilatometric curve of the MT3 sample is shown in Fig. 11. The sintering behavior of the
MT3 sample compared with that of the MI1 sample shows small but important differences.
It seems that the petroleum waste tends to retard the densification of the tile pieces during
sintering. This could be related to the complex composition of the petroleum waste. In fact,
the petroleum waste used is composed of several mineral phases and oil (hydrocarbons).
The linear shrinkage of the floor tile pieces is shown in Fig. 12. The linear shrinkage indi‐
cates the degree of densification during sintering, and is a physical property very important
for dimensional control of the finished tile products.
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Figure 12. Linear shrinkage of the floor tile samples after sintering.
It is observed that the linear shrinkage presents different behaviors, depending on the sin‐
tering temperature range. This is consistent with the dilatometric curves (Figs. 10 and 11).
This means that the predominance of distinct sintering mechanisms in their temperature
range can occur. In the 600 and 950 ºC range, a small linear shrinkage (< 1%) was observed.
This low linear shrinkage suggests that the dominant sintering mechanism is surface diffu‐
sion [18]. In this temperature range prevails mainly the growth of necks between the miner‐
al particles coupled with significant specific surface area reduction. Moreover, the structural
reorganization of matakaolinite and initial melting of quartz-feldspar eutectics are already
underway. Between 1000 and 1100 ºC, a higher linear shrinkage can be observed. The forma‐
tion of mullite occurs. The formation of a larger amount of liquid phase also occurs. Above,
1100 ºC, however, the linear shrinkage accelerates resulting in high densification of the tile
pieces. In this case, the sintering is accompanied by the formation of a significant amount of
liquid phase. This liquid phase acts to densify the structure by liquid phase sintering. Vis‐
cous flow closing open porosity is the dominant sintering mechanism [19]. It can also be
seen in Fig. 12 that the shrinkage tends to be lightly lower for the samples containing petro‐
leum waste. Appearance of the floor tile pieces after sintering is presented in Fig. 13.
The apparent density of the floor tile pieces is shown in Fig. 14. The results show that, in
general, the density tends to lightly decrease with petroleum waste addition. Density
presents only a small variation up to ~ 1100 ºC. This occurred due to the combined inverse
effects of sintering and weight loss. As a matter of fact, the green tile pieces when heating up
to ~1000 ºC underwent weight loss, as shown in Fig. 4. Above 1100 ºC, a substantial increase
in density is observed. This behavior is in line with the formation of more abundant liquid
phase during sintering that fills the open pores. This is consistent with the microstructure
(Figs. 8 and 9) and linear shrinkage (Fig. 12).
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Figure 13. Appearance of the floor tile pieces after sintering.
The water absorption of the tile pieces is shown in Fig. 15. This property is related to the
microstructure, and also determines the open porosity level of the pieces. For sintering tem‐
peratures up to ~ 1100 ºC, the water absorption remains practically constant. Above 1100 ºC,
however, a strong decrease in water absorption is measured. This means that the sintering
accelerates above 1100 ºC and causes densification. The results also showed that the addition
of petroleum waste lightly increased the water absorption, except on temperatures above
1100 ºC. The variation of the apparent porosity (Fig. 16) is very similar to that observed for
the water absorption.
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Figure 14. Apparent density of the floor tile samples after sintering.
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Figure 15. Water absorption of the floor tile samples after sintering.
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Figure 16. Apparent porosity of the floor tile samples after sintering.
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4. Conclusion
In this chapter the sintering behavior of vitrified floor tiles bearing petroleum waste was in‐
vestigated. It was found that the petroleum waste added influenced the chemical and min‐
eralogical compositions of the floor tile formulations. It was also found that the sintering
behavior was influenced by the petroleum waste and sintering temperature. Distinct sinter‐
ing regions were observed. For the region above 1100 ºC, with predominance of the viscous
flow sintering mechanism, important changes of the physical properties and sintered micro‐
structure occurred. XRD analysis confirmed the mineralogical changes during sintering.
Moreover, it was also observed that the petroleum waste tends retard the densification proc‐
ess of the floor tile pieces. It implies, therefore, that additions of very high petroleum waste
amounts in the floor tile formulation should be avoided, because it affects the densification
and technical properties of sintered floor tiles.
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